Methods were developed to determine glufosinate (GLUF), glyphosate (GLYP) and its metabolite, aminomethylphosphonic acid (AMPA) by capillary electrophoresis-laser induced fluorescence detection using 5-(4,6-dichlorotriazinylamino) fluorescein (DTAF) and fluorescein isothiocyanate (FITC) as the derivatizing reagents. To accelerate the labeling speed, a microwave-assisted derivatization method was adopted. The derivatizing reaction time was reduced to 180 and 150 s for DTAF and FITC, whose reaction time for conventional labeling was 50 min and 5 h, respectively. The optimum separation conditions for derivatives were as follows: a back ground electrolyte (BGE) of 30 mmol L -1 sodium tetraborate containing 15 mmol L -1 brij-35, hydrodynamic injection 15 s and a 10 kV separation voltage. Under these conditions, the LODs (S/N = 3) for DTAF derivatives were 0.32, 0.19 and 0.15 nmol L -1 for GLUF, GLYP, and AMPA, respectively. The LODs (S/N = 3) for FITC derivatives were 2.60, 3.88 and 2.42 nmol L -1 for GLUF, GLYP, and AMPA, respectively. The applicability of the developed method was demonstrated by the detection of the above herbicides and metabolite in water and soil samples.
Introduction
Glyphosate (GLYP) and glufosinate (GLUF) are global herbicides widely used not only for control of broad-leafed weeds in agriculture applications, but also around homes and gardens. 1 Although they were judged benign to human health by major health organizations, such as the United States Environmental Protection Agency and World Health Organization, 2, 3 questions about possible toxic effects on the environment and humans have been raised and studied over the past years. 4 Aminomethylphosphonic acid (AMPA), the main metabolite of GLYP, is commonly found to last for a long time on soil and water. 5 Some countries like Canada have decided to include AMPA in the residue definition of GLYP for agricultural products treated with these chemicals. 6 Amid increasing concerns of environmental and food safety, rapid determination of harmful residues such as herbicides and pesticides in environmental samples and foods are herein becoming much more important.
Detection of these herbicides at trace levels in environmental samples is difficult due to their special physicochemical properties, such as high polarity, amphotericity, non-volatile nature, absence of chromophores, and complexation with metal ions, etc. Existing analytical methods for the detection of these herbicides in waters and other matrices like soils are mainly based on chromatographic techniques, including liquid chromatography (LC) [7] [8] [9] and capillary electrophoresis (CE), 10 equipped with different detection devices such as ultraviolet (UV), 11 mass spectrometry (MS), 12, 13 and fluorescence detection. [14] [15] During the last decade, MS detection with LC separation (LC-MS) has been the technique of choice for the analysis of these herbicides because it provides higher sensitivity and capability to differentiate overlapping peaks with distinct mass-to-charge ratios. 12, 13 However, the instrumentation demands of these methods are substantial. Another alternative method, CE coupled with laser-induced fluorescence detection (CE-LIF), is also a powerful analytical method as it permits sufficient sensitivity, selectivity and reliablity of determinations in a great majority of common analyses. 10, 15 The analytical challenge posed by these herbicides is that they have neither chromophores nor fluorophores groups, preventing their detection by ultraviolet-visible (UV-vis) absorbance or fluorescence. Because of that, derivatization reactions are needed and the most commonly used are 9-fluorenyl methyl chloro formate (FMOC-Cl), [7] [8] [9] 4-chloro-3,5-dinitrobenzotrifluoride (CNBF), 11 4-fluoro-7-nitro-2,1,3-benzoxadiazole-(NBD-F), 16 p-toluenesulfonyl chloride (TsCl),17 3,6-dimethoxy-9-phenyl-9H-carbazole-1-sulfonyl chloride (DPCS-Cl), 18 sulfoindocyanine succinimidyl ester (Cy5), 14 FITC and DTAF are both fluorescein-based amino-reactive derivatives, which have relatively high absorptivity and excellent fluorescence quantum yield. What is more attractive is that they have a fluorophore compatible with the LIF detection system (488 or 473 nm). To our disappointment, the labeling reaction of two reagents were both tedious. It usually took about 1 h to complete the reaction for DTAF labeling. 20 As for FITC, another frequently used reagent, its isothiocyanate moiety with amino compounds requires much longer reaction times (typically 12 h). 19 In view of the time-consuming derivatization step, great efforts have been made to improve the derivatization efficiency. For example, Xuan et al. recently reported the establishment of a method for the determination of GLYP and GLUF in agricultural products using FITC as a probe. 19 Although an attempt to accelerate the process through a slight modification was made, the derivatization still needs 20 min with a water bath at 55 C. Over the last decades, with the wide application of microwave technology in all areas, it has been reported that microwave-assisted derivatization was successfully adapted in derivatization in recent years. [21] [22] [23] In comparison with derivatization using conventional heating, derivatization using microwave heating has a better relative response ratio and results in fewer artifacts in the analysis of compounds such as amino acids, sugars, and fatty acids. When microwave is used for heating, the reaction time becomes significantly shorter. However, there is no report about the application of DTAF in microwave-assisted derivatization. Although there are reports regarding FITC derivatization with the assistance of microwave, no study deals with the determination of herbicides. 24, 25 The aim of this work was to develop simple, sensitive, and rapid CE-LIF methods for the determination of GLYP, GLUF and its major metabolite, AMPA. Two fluorescein-based probes, FITC and DTAF, were used in these methods. To improve the derivatization speed, microwave-assisted derivatization was adopted. It was demonstrated that the derivatizations were accelerated markedly and completed within only 150 or 180 s for FITC and DTAF, respectively. The rapid methods were applied to the determination of the herbicide residue in soil and water samples.
Experimental

Reagents
GLYP and AMPA were provided by Acros Organics (Gell, Belgium). GLUF, FITC and DTAF were purchased from Sigma (St. Louis, MO). The stock solutions of the GLUF, GLYP and AMPA at a concentration of 5 mmol L -1 , were prepared by dissolving the solid in distilled water. A solution of 1 mmol L -1 FITC was prepared in acetone, and DTAF was dissolved in a mixture of dichloromethane/ethanol (1:9 v/v) to form a 1 mmol L -1 solution. A preparation of 50 mmol L -1 borate buffer was made by mixing certain concentrations of Na2B4O7 or H3BO3 with 1 mol L -1 HCl or 1 mol L -1 NaOH to the required pH. Carbonate and phosphate buffer was prepared by mixing certain concentrations of Na2CO3 or Na3PO4 with 1 mol L -1 HCl or 1 mol L -1 NaOH to the required pH, respectively. All other reagents were of analytical reagent grade. Water was deionized and purified with a Milli-Q system (Millipore, Bedford, MA).
Apparatus
Microwave experiments were carried out with a domestic microwave oven (WG800SL23-K6, 800 W, Galanz, Shunde, China). CE was performed using a laboratory-built system. A high-voltage supply (0 -30 kV, Dongwen High Voltage Power Supply Co., Ltd., Tianjin, China) was used to drive the electrophoresis. The CE system was equipped with a laserinduced fluorescence detector (Dalian Institute of Chemical Physics, Dalian, China). A laser-diode double-pumped solidstate (LD-DPSS) laser emitting at 473 nm (10 mW, New Technology, Inc., Changchun, China) was used as an excitation source. A BP 530 nm interference filter and an LP 490 nm emission filter (HB Optical Technology Co., Ltd., China), an optical lens (Model GCL-010622, Daheng New Epoch Technology Co., Ltd., China) and a photo multiplier tube (PMT) (Hamamatsu R928, Japan) were used in this detector.
Uncoated fused-silica capillaries (52 cm (42 cm to the detector) × 75 μm i.d.) (Yongnian Optic Fiber Inc., Hebei, China) were used for the separation at 25 C. The two electrodes were fixed on one plane. Sample injection was carried out by hydrodynamic technique. And an exact 5 cm between the levels of the solutions at the inlet end and outlet end of the capillary was controlled in the process of sample injection. The injection time was 15 s. New capillaries were pretreated with water, 1 mol L -1 NaOH, water, 1 mol L -1 HCl, and water for 30 min, respectively. Each day before starting analysis, the capillary was rinsed with 0.1 mol L -1 NaOH and water for 10 min, and then preconditioned with running buffer for 10 min. The capillary was sequentially flushed with water, methanol, water, 0.1 mol L -1 NaOH, water and the running buffer for 5 min between each analysis.
Derivatization procedure
Conventional derivatization procedures using DTAF as a derivatization reagent: to an appropriate amount of GLYP, GLUF and AMPA mixture in a 1.5 mL vial, 5.0 mmol L -1 gamma-aminobutyric acid (GABA), 0.05 mol/L Na2CO3 buffer(pH 10.0) and 1 mmol L -1 DTAF solution were added, respectively. The solution was diluted to 1.0 mL with water. The mixture vial was capped, homogenized and maintained in a water bath at 40 C for 50 min, and then analyzed by capillary electrophoresis.
Conventional derivatization procedures using FITC as a derivatization reagent: to an appropriate amount of GLYP, GLUF and AMPA mixture in a 1.5 mL vial, 5 mmol L -1 glycine, 0.5 mol L -1 Na2CO3 buffer (pH 8.7) and 1 mmol L -1 FITC solution were added, respectively. The solution was diluted to 1.0 mL with water. The mixture vial was capped, homogenized and maintained in a water bath at 50 C for 5 h, then analyzed by capillary electrophoresis.
Microwave-assisted derivatization using DTAF as a derivatization reagent: to an appropriate amount of GLYP, GLUF and AMPA mixture in a 1.5 mL vial, 5 mmol L -1 GABA, 0.05 mol L -1 Na2CO3 buffer (pH 10.0) and 1 mmol L -1 DTAF solution were added, respectively. The solution was diluted to 1.0 mL with water. The mixture vial was capped, homogenized and then was placed in a domestic microwave oven conducted under microwave irradiation at 680 W for 180 s. After cooling to ambient temperature, the mixture was analyzed by capillary electrophoresis.
Microwave-assisted derivatization using FITC as a derivatization reagent: to an appropriate amount of GLYP, GLUF, and AMPA mixture in a 1.5 mL vial, 5 mmol L -1 glycine, 0.5 mol L -1 Na2CO3 buffer (pH 8.7) and 1 mmol L -1 FITC solution were added, respectively. The solution was diluted to 1.0 mL with water. The mixture vial was capped, homogenized and then was placed in a domestic microwave oven conducted under microwave irradiation at 680 W for 150 s. After cooling to ambient temperature, the mixture was analyzed by capillary electrophoresis.
Sample preparation
Water samples were collected from lake water at Jinan University. After filtering through a 0.45 μm membrane, the samples were used for derivatization directly.
Soil samples were taken from the campus of South China Agriculture University. After weighing a certain amount of ground soil samples, a certain amount of distilled water was added. After centrifugation at 9500g for 5 min, the supernatant liquid was collected and filtered through a 0.45 μm membrane filter. The resultant solution was used for the derivatization as described above.
Results and Discussion
Selection of internal standard
To improve the analysis precision and accuracy, it is necessary to select a suitable internal standard (I.S.) in the CE method. In this study, when DTAF was used as the probe, glycine, alanine, and GABA were chosen as the I.S, respectively. It was demonstrated that the peaks of glycine and alanine derivative both overlapped with the peak of DTAF or other unknown peaks. Fortunately, It was found that GABA has a close migration time to those analytes and can be baseline separated. Thus GABA was chosen as the I.S. in this experiment. As for the FITC derivatives, glycine, L-serine, and GABA were tried as the I.S. It was demonstrated that glycine presented better properties when acting as an I.S. than the two other reagents. So, glycine was chosen as the I.S.
Optimization of CE separation conditions
Optimization of CE separation of DTAF derivatives: the types and concentrations of background electrolyte were important for routine and fast analysis. At first, borate buffer was used as the background electrolyte for it provides a stable electrosmotic flow. However, it was found that the peak of analyte derivatives overlapped with the unknown peaks. Several attempts were made to achieve full separation by changing the electrolyte's pH value (8.0 -9.8), electrolyte type (borate, phosphate) and concentration. Unfortunately, little improvement was obtained. So, combinations of different additives and electrolytes were tested. The organic solvent (such as methanol and acetonitrile), anionic surfactant sodium dodecyl sulfate (SDS), and nonionic surfactant Brij-35 were tested. It was demonstrated that the addition of an organic solvent and SDS did not advance the resolutions, and just increased the immigration time. However, the peaks showed improved separation using Brij-35 as a surfactant. So, BGE containing borate and Brij-35 was selected for further optimization. The effect of buffer concentrations, pH and Brij-35 concentration were further investigated. Finally, 30 mmol L -1 borate buffer (containing 15 mmol L -1 Brij-35) at a pH of 9.5 was used in the subsequent work.
The influence of the separation voltage on migration times was also evaluated. Based on the CE separation theory, when separation voltage was increased, the mobility of the analytes increased and reduced the analysis time. However, high voltages would cause an apparent Joule heating effect and the separation selectivity deteriorated. We tested the effects of voltage in the range of 9 -11 kV. The CE separation was performed at 10 kV as a compromise.
The effect of the injection time on the electrophoretic response was evaluated in intervals between 10 and 18 s. The time of 15 s was chosen in further studies.
Optimization of CE separation of FITC derivatives: the CE separation of FITC derivatives was also optimized. In our work, 30 mmol L -1 borate (pH 10.0) containing 15 mmol L -1 Brij35 was used for the separation of FITC derivatives. The voltage applied was 10 kV and the injection time was fixed at 15 s.
Optimization of the derivatization step
Conventional derivatization: derivatization efficiency is of great importance in the precolumn derivatization strategy, which is determined by many factors such as the amount of labeling reagent, derivatization media, reaction time and temperature. As a contrast to microwave-assisted derivatization, traditional water-bath derivatizations were also investigated by varying several parameters. In summary, the optimal derivatization reaction based on DTAF as the reagent was carried out at 40 C for 50 min using 1 mmol L -1 DTAF and sodium carbonate buffer (pH 10.0). If FITC was selected as the fluorescent probe, FITC concentration was 1 mmol L -1 FITC with a sodium carbonate buffer (pH 8.7) . It took 5 h to complete the reaction at a temperature of 50 C.
Microwave-assisted derivatization (using DTAF as a derivatization reagent): although a rotary tray is usually used for uniform heating in the cooking chamber, the distribution of a microwave might have spatial difference. As expected, it was demonstrated that the exact position of the vial containing the reactant has a significant effect on derivatization results. Four positions (position 1 to position 4), which corresponded to a distance of 3.5, 6, 8 and 10 cm from the center of the rotary tray, respectively, were tested. It was found that the optimum derivatization results were obtained when the sample vial was fixed at position 1, as shown in Fig. 1A .
The microwave irradiation power and time will affect the derivatization efficiency because the temperature of the sample solution is strongly related to the microwave irradiation power and time. Therefore, the effect of microwave irradiation power and time was studied. The microwave has six power shifts, including low, defrost, med, M med, M high, and high. As shown in Figs. 1B and 1C, at first, higher irradiation power and longer time resulted in higher peak areas of derivatives. The peak areas reached the highest when the microwave irradiation power was 680 W (M high) and irradiation time was 180 s. Further increase of microwave irradiation power and time resulted in a decrease of derivatization effciency. Therefore, the optional microwave irradiation power and time selected were 680 W and 180 s.
It has been reported that placing a conical flask containing a certain amount of water in the microwave oven can effectively avoid damaging the microwave oven. 25 The efficiency of microwave-assisted derivatization can also be affected by water usage in the microwave oven. Experiments were carried out with the amount of water used for protecting the microwave oven varied from 5 -60 mL (Fig. 1D) . With a volume of 20 mL, maximum fluorescence peak areas of derivatives were obtained. The concentration of DTAF was then investigated from 5 × 10 -7 to 15 × 10 -7 mol L -1 ( Fig. 2A) . The peak areas first increased with an increase of DTAF concentration until it reached 1 × 10 -6 mol L -1 . So, the final DTAF concentration was 1 × 10 -6 mol L -1 . Other derivatization conditions such as pH value were also optimized. Six pH values of 8.5, 9.0, 9.5, 10.0, 10.5, and 11.0 were used (Fig. 2B ). The pH value was then fixed at 10.0.
Microwave-assisted derivatization (using FITC as a derivatization reagent): after detailed research of the reaction parameters, the derivatization was performed with microwave irradiation power of 680 W for 150 s. FITC concentration was 1 × 10 -6 mol L -1 and the pH value was fixed at 8.7.
Comparison of the two different derivatization techniques
As is well-known, the completion of FITC labeling usually needs more than 12 h at room temperature, or 5 h at 50 C. To some extent, the tedious derivatization step impaired some advantages such as excellent fluorescence properties. It has been reported that derivatization reactions have employed microwave heating not only because of its ability to reduce analysis time but also because it often produces comparable or higher yields to traditional methods. 21 As such, attention was also paid to the fluorescence response in two methods. Figure 3 presents a comparison of the techniques. It can be seen from the figures that the yield of FITC derivatives through the microwave technique was much higher than traditional derivatization. For DTAF derivatives (Fig. 3A) , the yield using the microwave technique was also considerably higher than that of traditional derivatization with the same derivatization time (180 s).
Analytical performance of herbicide analysis
Under the optimum conditions, the separation of the herbicides are shown in Figs. 4A and 4B. The curve was performed by plotting the analyte/IS peak area ratio versus the concentration of standard analyte solutions. The detection limits and calibration parameters are summarized in Table 1 . The RSDs (n = 5) in migration time were between 1.56 and 4.01%, and were between 2.25 and 4.74% for the peak areas. The LOD was determined as the lowest concentration level resulting in a peak area of three times the baseline noise (S/N = 3). The LODs for DTAF derivatives were 0.32, 0.19 and 0.15 nmol L -1 for GLUF, GLYP, and AMPA, respectively. The LODs for FITC derivatives were 2.60, 3.88 and 2.42 nmol L -1 for GLUF, GLYP, and AMPA, respectively.
Real sample analysis
The applicability of the proposed method was verified with the determination of the herbicides in real samples including lake water and soil. All samples were analyzed under the optimized experimental conditions. Electropherograms are shown in Fig. 5 . None of the samples analyzed were found to contain any GLYP, GLUF or AMPA. The reliability of the method was checked with standard addition. The spiked samples were subjected to the same preparation procedure as the original ones for the recovery determination. Recoveries of the analytes were in a range of 91.75 -105.7% (Table 2) . Table 3 shows a comparison of the proposed methods with other LC or GC methods concerning LOD and retention time. The present methods exhibit advantages such as mild reaction conditions, satisfactory sensitivity, and low cost.
Comparison with other methods
Conclusions
The present work has developed CE-LIF methods for the determination of GLUF, GLYP and its major metabolite, AMPA. Two fluorescein-based probes, FITC and DTAF, were used in these methods.
The adoption of microwave-assisted derivatization accelerated the labeling time to 150 or 180 s for FITC and DTAF, respectively. The applicabilities were also demonstrated through the determination of the herbicide residue in soil and water samples. The proposed methods were rapid, simple and sensitive. 
